Within the recent years, ganglioside patterns have been increasingly analyzed by mass spectrometry.
Introduction
Gangliosides are sialic acid containing glycosphingolipids (GSLs). They can be found in vertebrates and, with a few exceptions, not in invertebrates (1) . Gangliosides are especially abundant in neuronal tissues, where their content is one to two orders of magnitude higher than in extraneural tissues (2) . In the brain, gangliosides together with other glycosphingolipids are the main glycan carriers (80 % of the total glycan mass in adult rat brain) (3) . The main gangliosides in adult mammalian brain are GM1 (Fig. 1) , GD1a, GD1b, GT1b, 9-O-Ac-GT1b, and GQ1b (4). They contain mostly C18-and C20-sphingosine acylated with stearic acid, which constitutes more than 80 % of the total ganglioside fatty acid content in the nervous system (4) . In mammals, C20-sphingsosine-containing gangliosides can only be found in significant amounts in the nervous system (5) . In contrast to adult brain, different glycosphingolipid-and gangliosideseries are expressed in the developing nervous system (6) .
Subcellularly, the majority of gangliosides is localized in the outer leaflet of the plasma membrane. They are anchored to the membrane by their hydrophobic ceramide part while their hydrophilic carbohydrate part extrudes into the extracellular space. They are part of the cellular glycocalyx and interact with molecules outside the cell ("trans" interaction) and within the same membrane ("cis" interaction) (1) . Examples are the "trans"-interaction of ganglioside GM1 with cholera toxin (7), of NeuAcα2-3Galß1-3GalNAc-termini on axonal gangliosides such as GD1a, GT1b, and GM1b with the myelin-associated glycoprotein MAG (8) , and the "cis"-interaction of GM3 with the receptors for insulin (9) , epidermal growth factor (10), or VEGF (11).
In the past, ganglioside patterns have been largely determined by TLC followed by densitometric quantification (12, 13) . Within recent years, ganglioside determinations by mass spectrometric methods have been increasingly applied (14) . In addition to ganglioside classes, which are defined by the carbohydrate head group, MS allows also profiling of ganglioside lipoforms (15) with different structure of acyl chain and sphingoid base. Ganglioside quantification is applied to ganglioside pattern investigation (16) , in food analyses (17, 18) , but also in the analysis of lysosomal storage diseases (19) and in quantitative imaging mass spectrometry (20) . Lysogangliosides play a major role in the pathogenesis of gangliosidoses. Elevated levels of lyso-GM2 and lyso-GA2 are present in the brains of patients with GM2 gangliosidoses (21) , and elevated levels of lyso-GM1 and lyso-GA1 are present in patients with GM1 gangliosidosis (22).
Both substances are potential biomarkers for these diseases (23) and the lysoganglioside standards prepared in this work can be used for their quantitative analysis.
Quantification of gangliosides by mass spectrometry including quantitative imaging mass spectrometry requires calibration substances. Hereby, calibration is defined as the establishment of a correlation between analyte concentration and mass spectrometer response. Three principle methods can be distinguished: external calibration, standard addition calibration, and internal standard calibration. The internal standard calibration shows the highest accuracy and precision since standard and analyte are measured in the same sample at the same time, and the internal standard acts as a self-correcting system for analyte losses during purification steps and for fluctuations in mass spectrometer response (24) . Internal standards are chemically and physically similar, but non-isobaric derivatives of the analyte. Suitable are stable isotope labeled derivatives (type 2 internal standards) or homologous derivatives (type 3) of the analyte. Type 1 internal standards, which are any non-isobaric compounds with similar physical and chemical properties, are less accurate. Usually, the standard is added in a defined amount to the sample at an early stage of sample handling. After purification of the sample, the ratio of the MS response of analyte and standard is measured.
The concentration of the analyte can be calculated by the following equation (24) We report on the preparation of a set of new ganglioside internal standards for the major mammalian brain gangliosides and the tumor-associated gangliosides GM2 and GD2. The title substances were prepared from a mixture of gangliosides from bovine brain, which was separated first into ganglioside classes and then into pure lipoforms. Non-natural chain length in the fatty acid part were introduced by selective chemical 
Purification
Desalting was performed by the method of Wiliams and McCluer (26) . The usage of polar eluents for column chromatography causes significant contamination of column material in the products. We reduced this contamination to a minimum by the following method. NP silica gel columns of a very small column volume (approx. 1 mL column volume per 5 mg of product) were prepared in filtration columns from Supelco (Bellefonte, USA) using a mobile phase in which the substance is retained on the column. The substance was applied to the column and washed with three column volumes of the same solvent. Then, the substance was eluted by an appropriate solvent of higher polarity. 
Purification of bovine brain gangliosides
To obtain pure natural ganglioside lipoforms as starting material, the ganglioside mixture Cronassial ® was purified by anion-exchange chromatography, followed by desalting, NP column chromatography, and RP column chromatography. In the first step, a slightly modified method of Momoi et al. was used (30 
Enzymatic preparation of lysogangliosides
The enzymatic preparation of lysogangliosides was performed by reported methods (32, 33). Triton™ X-100 was used instead of sodium cholate because we observed better conversions. 0.919 mg (491 nmol) of d18:1/18:0-GD1a·2NH3 (3) were dissolved in 500 µL of 50 mM sodium acetate buffer (pH 6.0), which contained 0.8 % of Triton™ X-100. The mixture was exposed to an ultrasonic bath for 15 s. Then, 3.6 µL (18 mU) of a SCDase solution (in 50 mM sodium acetate buffer, pH 6.0) were added, the aqueous phase was covered with 5 mL of n-decane to remove the fatty acid from the equilibrium, and the mixture was 
Preparation of d17:1-lyso-GM1·NH3 (26)
In the next step, pentadeca-O-acetyl-GM1 (d17:1/18:0) sialoyl-II 2 -lactone (25) was deprotected and regioselectively deacylated by the method described under "Chemical preparation of lysogangliosides". MS analysis revealed that the product contained 4.8 % of the d16:1-lyso-GM1 isomer (see results section), 
Preparation of d17:1-lyso-GM2·NH3 (27)
d17:1-Lyso-GM2·NH3 (27) was prepared by the method described under "Enzymatic degalactosylation of ganglioside standards". Briefly, 1.09 mg (0.849 µmol) of d17:1-lyso-GM1·NH3 (26) 
Validation of the lysoganglioside lipoforms as calibrators
Six different concentrations of pure d18:1-lyso-GM1·NH3 and of pure d18:1-lyso-GM2·NH3 (0 µM, 5 µM, 10 µM, 15 µM, 20 µM, 25 µM, and 35 µM) in methanol were prepared. The d18:1-lyso-GM1·NH3 solutions were spiked each by 26 to a final concentration of 13.4 µM of the internal standard and the d18:1-lyso-GM2·NH3 solutions were spiked by 27 to a concentration of 14.0 µM of the internal standard. The solutions were measured in the full scan mode and the ratio of the peak height of the most intensive peak
) was plotted against the concentration of the analyte (see Fig. 8 in the results section). of 86-95 % compared to the theoretical value, which is due to residual water content ( Table 1 ). The residual water content was 10-15 % when the gangliosides were dried by lyophilization and around 5 % when the gangliosides were dried in vacuum. An overview about the preparations which were performed in this work is given in figure 3 .
Preparation of lysogangliosides
In this work one step preparations of lysogangliosides were applied. d18:1-Lyso-GM1·NH3 was prepared by alkaline treatment of d18:1/18:0-GM1·NH3 in a yield of 52 %, which is comparable to the yield of 54 % reported by Sonnino et al. (31) . This method turned out to be not suitable for the regioselective deacylation of oligosialogangliosides: d18:1-lyso-GD1a·2NH3 was obtained in a yield of only 4. (35) . We applied the method to d18:1/18:0-GD1a·2NH3 (3), d20:1/18:0-GD1b·2NH3 (4), d20:1/18:0-GT1b·3NH3 (5), and d20:1/18:0-GQ1b·4NH3 (6) ( Table 3 ). Yields were in the range of 44 to 60 %. The ESI-MS spectrum of d18:1-lyso-GD1a showed no impurities of other GD1a lipoforms. By comparing the [M + 2H] 2+ peaks it was found that d20:1-lysoGD1b·2NH3 contained 3.1 % of d18:1-lyso-GD1b·2NH3 due to traces of d18:1/20:0-GD1b·2NH3 in the precursor, which could not be separated by RP column chromatography. Also, d20:1-lyso-GT1b·3NH3 contained 4.7 % of its d18:1-lipoform. For d20:1-lyso-GQ1b·4NH3 no other GQ1b-lipoforms were detected.
Reacylation of lysogangliosides
The lysogangliosides were reacylated by the method of Schwarzmann and Sandhoff (36) using Nhydroxysuccinimide esters of tetradecanoic acid and heptadecanoic acid. The reaction was applied to d18:1-lyso-GM1·NH3 (7), d18:1-lyso-GD1a·2NH3 (8), d20:1-lyso-GD1b·2NH3 (9), d20:1-lyso-GT1b·3NH3 (10), and d20:1-lyso-GQ1b·4NH3 (11). Yields were in the range of 19-86 % ( Table 4 (Table 5 ). The lower yield for the preparation of GD2 derivatives is due to a slight desialylation of GD1b, which occurs at the applied pH of 4.5. This was demonstrated by applying the reaction conditions described to GD1b in the absence of enzyme. The ESI-MS of 20 showed no traces of other GM2 lipoforms than the desired product. The ESI-MS of 21 showed an impurity of 3.2 % of d18:1/14:0-GD2·2NH3 as already observed for the precursor.
Modification of the sphingosine chain of gangliosides
The olefin cross metathesis is a suitable reaction for the modification of the sphingosine chain of gangliosides and glycosphingolipids because it tolerates hard nucleophiles and electrophiles and it is performed under neutral conditions. The following synthetic steps were performed for the synthesis of d17:1-lyso-GM1·NH3 (26) from d20:1/18:0-GM1·NH3 (2) (Fig. 5) . Our approach includes a stilbenolysis followed by the introduction of a new alkyl chain. We did not choose an ethenolysis because reported yields (tested by the model methyl oleate using standard Ru-based catalysts) are only in the range of 13 to 57 % (38) and 13 to 24 % (39), respectively. In the recent years, more effective catalysts for ethenolysis have been developed, which give yields up to 95 % (40) resp. 80 % (41) but only for (Z)-olefins. These catalysts are much more reactive towards (Z)-olefins than towards (E)-olefins because the residues of the olefin are forced into the same direction in the metallacyclobutane formation by bulky ligands (42). A direct reaction of a peracetylated ganglioside lactone with 13-hexacosene is impracticable because of separation problems.
The procedure illustrated in Fig. 5 has three advantages: First, the phenyl group facilitates the chromatographic purification because it is more polar than an alkyl group. Second, the phenyl group serves as an UV-probe. Third, stilbene is not prone to isomerizations because the phenyl group stops the migration of the double bond. In the first step 2 was peracetylated by a modified method of Schwarzmann et al. (43) .
These reaction conditions led to the formation of lactone 23 in a yield of 62 %. In the ESI-MS spectrum only peaks of the product and the methyl ester of the product, which is formed by opening of the lactone by methanol, which is used as solvent in the measurement, were found. Compound 23 was converted to 24
by a tenfold excess of (E)-stilbene and 14 mol% of Grubbs catalyst 2 nd gen. in a yield of 68 %. The 1 H-NMR spectrum demonstrated that selectively the E-isomer was formed due to the bulky residues. (E)-Hexacosene (22) was synthesized by an olefin cross metathesis of 1-tetradecene because it is commercially not available. It was observed that only a statistical mixture of constitutional isomers is obtained if no hydride scavenger is used. Presence of 20 mol% of p-benzoquinone leads to an isomeric purity of 98 % as analyzed by GC-MS. By using 20 mol% of tetrafluoro-1,4-benzoquinone an isomeric purity of 100 % was obtained. In the 1 H-NMR and 13 C-NMR spectra, only one signal for the olefinic protons was observable so we concluded that selectively the E-isomer was formed. Then, 24 was converted to 25 by a twentyfold excess of 22 in a yield of 61 %. Hereby, also selectively the E-isomer was formed. To optimize the conditions for the formation of 25 we tested the more effective hydride scavengers tetrafluoro-1,4-benzoquinone and 2,6-dichloro-1,4-benzoquinone as well as the Stewart-Grubbs catalyst, which contains N-tolyl groups instead of N-mesityl groups in the N-heterocyclic carbene ligand (Fig. 6 ). This catalyst is reported to be more active than the Hoveyda-Grubbs catalyst 2 nd gen. in cross metathesis reactions of sterically challenging olefins (44) . The results are given in table 6. Unexpectedly, the more active hydride scavengers tetrafluoro-1,4-benzoquinone and 2,6-dichloro-1,4-benzoquinone suppressed the catalyst activity even when they were added in low amounts. Furthermore, the Stewart-Grubbs catalyst showed no activity towards 24 regardless of the hydride scavenger tested. So the most effective reaction conditions are 20 mol% of Hoveyda-Grubbs catalyst 2 nd gen. and 20 mol% of p-benzoquinone. In the last step the protecting groups and also the acyl chain were removed from 25 by using the chemical deacylation method to prepare d17:1-lyso-GM1·NH3 (26). The yield was 34 %. The ESI-MS showed that the product contained 4.8 % of d16:1-lyso-GM1·NH3, which indicates that isomerizations could not be completely suppressed by p-benzoquinone, but to an extent larger than 95 %. Other isomers were not found. The isomer was removed by isocratic RP column chromatography. A proportion of 26 was used for the preparation of d17:1-lyso-GM2·NH3 (27) by the described enzymatic degalactosylation method. The yield was 69 % (Fig. 7) . 
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As a proof of principle, the synthesized lysoganglioside standards 26 and 27 were tested for the quantification of pure natural lysogangliosides (Fig. 8) . Good linearity was obtained for both compounds in the applied concentration range. As expected, quantification of pure substances is possible in the full scan mode but for biological samples MS/MS modes have to be applied. to be more appropriate: yields were in the range of 44 to 60 % for the preparation of lyso-GD1a (8), lysoGD1b (9), lyso-GT1b (10), and lyso-GQ1b (11). This is comparable to the results of Ando et al. (48) , who reported yields of 62 % resp. 52 % for the preparation of lyso-GM1 and lyso-GM2. Due to the occurrence of traces of d18:1/20:0-lipoforms in the starting material, which could not be separated from the d20:1/18:0-lipoforms by RP column chromatography, the prepared d20:1-lyso-GD1b·2NH3 (9) and d20:1-lysoGT1b·3NH3 (10) contained 3.1 % resp. 4.7 % of their d18:1-lipoform. Since they do not disturb the mass spectrometric application of the standards, we decided not to remove these minor byproducts. The reacylation of the lysogangliosides was carried out in yields in the range of 19 to 86 %. In general, the reaction works accurate for monosialolysogangliosides and disialolysogangliosides with yields up to 86 %.
For lyso-GT1b and lyso-GQ1b, the yields drops to 34 % and 19 %, respectively. An optimization of the reaction conditions for these substrates should be performed in the future. 
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For the enzymatic degalactosylation of d18:1/14:0-GM1·NH3 (7) a yield of 77 % was obtained, which is higher than the yield of 54 % obtained by Larsson et al. (49) for a fluorescence labeled GM1 substrate. For the degradation of d17:1-lyso-GM1·NH3 (26) to d17:1-lyso-GM2·NH3 (27) , a comparable yield of 69 % was obtained. The method is also applicable to GD1b derivatives although we observed a slight degradation to GM1 due to the low pH value. Hereby, a sufficient yield of 61 % was obtained for the degradation of d20:1/14:0-GD1b·2NH3 (17) to d20:1/14:0-GD2·2NH3 (21) . As far as we know, this method has not been applied to lyso-GM1 and GD1b derivatives in the literature.
Development of a new synthetic method to modify the sphingosine chain of gangliosides
We developed a synthetic method based on the olefin cross metathesis for the preparation of gangliosides and lysogangliosides with homogenous and, if required, artificial sphingoid bases. Advantages of this method are a simplified chromatographic separation by introduction of a phenyl group, the opportunity to use gangliosides heterogeneous in their sphingosine part as educts, and the applicability of the method for the synthesis of lysoganglioside standards. A drawback of the method is that isomerizations can only be suppressed in a range of 95 %. A direct modification of lysogangliosides by an olefin metathesis is impracticable because the reaction does not tolerate amino groups.
We are aware of only two methods for the partial synthesis of ganglioside lipoforms as MS-standards in the literature (Fig. 9) . The method by Neuenhofer et al. (36, 50) has a total yield of approx. 29 % for the synthesis of, for example, d18:1/17:0-GM1 from d18:1/18:0-GM1. It includes a total deacylation of the ganglioside except the N-acetylgalactosamine residue followed by a regioselective protection of the amino group in the sphingosine part. Subsequently, the remaining amino groups are reacetylated and the protecting group is removed. The enzymatic deacylation (32, 51) followed by chemical reacylation has the highest overall yield of approx. 42 %. The olefin metathesis method for the synthesis of, for example, d17:1/18:0-GM1 from GM1 has a total yield of approx. 23 % if the yield for the removal of the protecting groups is estimated by 90 %. But in contrast to our method the other methods require homologous pure gangliosides as starting materials. Current experiments in our group indicate that the method is applicable to by guest, on www.jlr.org Downloaded from peracetylated disialogangliosides, but eventually not to trisialogangliosides because they might be too unreactive in olefin metathesis reactions. Furthermore, an application to neutral glycosphingolipids and ceramides should be possible with even better yields because they are more reactive in olefin metathesis reactions.
Conclusion
Analytical and functional studies of ganglioside lipoforms is an emerging area of research (1, 14, 15) . We provide a protocol for the preparation of artificial ganglioside and lysoganglioside lipoforms starting from a ganglioside mixture. It relies on selective chemical and enzymatical deacylation steps, reacylation of the sphingosine part and also selective degalactosylation. These methods were used for the preparation of new internal standards for GM1, GM2, GD2, GD1a, GD1b, GT1b, and GQ1b. We also developed a new olefin metathesis method, which was used for the synthesis of a lyso-GM1 and a lyso-GM2 standard. These compounds are suitable as calibrator substances for the mass spectrometric determination of gangliosides and lysogangliosides and can also be applied for functional studies.
Up to know, no method was reported for the modification of the sphingosine part of gangliosides. The method should also be suited for isotope labeling of the sphingosine part of sphingolipids and gangliosides because the phenyl group in intermediates of the metathesis reaction facilitates the chromatographic separation of educts and products. Furthermore, this method may also be used to incorporate fluorescent dyes into the sphingosine part. d18:1-lyso-GM1 and d18:1-lyso-GM2 was quantified by using the internal standards d17:1-lyso-GM1·NH3
(26) and d17:1-lyso-GM2·NH3 (27) . SCDase for a conversion larger than 90 % is given in column 2. Table 4 : Ganglioside standards that were synthesized by deacylation and reacylation of the fatty acid of gangliosides. The yields of the reacylation step are given in column 3. Table 5 : Ganglioside standards that were prepared by enzymatic degalactosylation. The required amount of the enzyme beta-galactosidase for a conversion larger than 90 % is given in column 2. Tables   TABLE 1   Ganglioside  Isolated Stewart-Grubbs cat.
Stewart-Grubbs cat.
Stewart-Grubbs cat. 
